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Previous work (C. F. Spiropoulou and S. T. Nichol, 1993, J. Virol. 67, 3103–3110) has demonstrated the existence in cells
infected with the New Jersey serotype of vesicular stomatitis virus (VSV) of two small carboxy-coterminal proteins encoded
by the P mRNA. These proteins have been named C* and C. We are interested in studying the function of these proteins
in the virus life cycle. Toward this end, we have cloned the ORF encoding the potential C* protein of the Indiana serotype
as a histidine-tagged fusion protein, purified the expressed protein from Escherichia coli, and used the fusion protein as
an immunogen to raise antiserum in a rabbit. We have used this anti-C* protein serum to demonstrate that both of the
predicted C* and C proteins are synthesized in cells infected with the Indiana serotype of VSV. In addition we have localized
a portion of these proteins to nucleocapsids isolated from infected cells, suggesting that they may play a role in RNA
synthesis. Reconstitution of the viral polymerase activity by expressing the L and P protein subunits with or without the C
proteins failed to demonstrate any effect of the presence of these latter proteins on reconstituted transcription using purified
nucleocapsids as templates. However, we have been able to show a dramatic stimulation of the polymerase activity in
purified virions by the addition of purified C* protein to in vitro transcription reactions. Both the level and the fidelity of
mRNA synthesis are stimulated by this protein. Evidence for the specificity of this effect comes from the fact that stimulation
appears to be serotype specific; C* protein of the Indiana serotype stimulates transcription by purified Indiana serotype
virions but has a minimal effect on transcription by purified virions of the New Jersey serotype. We are continuing our
studies to determine the mechanism of this stimulation. q 1996 Academic Press, Inc.
INTRODUCTION for the first four mRNAs. A stop–start model of transcrip-
tion, with a single promoter entry site near the 3*-end of
Vesicular stomatitis virus (VSV) is the prototypic rhab-
the genome (Keene et al., 1981), but multiple initiation
dovirus. Its genome consists of a single-stranded, nega-
events at each gene start by an upstream polymerase
tive-sense RNA molecule that is encapsidated by the complex, has been proposed to account for these fea-
viral nucleocapsid protein N to form a template for tran- tures of transcription, and data to support this model
scription and replication. Two other viral proteins, P and have been presented (Emerson, 1982), although other
L, are associated with this nucleocapsid template and models have also been proposed (Testa et al., 1980;
together form the active transcriptase that is packaged Banerjee, 1987).
into virions (Banerjee and Barik, 1992). Transcription me- The P gene of the New Jersey serotype of VSV has
diated by purified virions has two characteristic features. been shown to be bicistronic (Spiropoulou and Nichol,
First, there is a sequential appearance of the viral RNA 1993), a feature common to the analogous P genes of
molecules (leader RNA and the five mRNAs) with those many paramyxoviruses (Lamb and Paterson, 1991). The
genes present at the 3*-end of the genome transcribed P gene of the New Jersey serotype of VSV encodes two
before those at the 5*-end. Secondly, there is a polarity small, highly basic, carboxy-coterminal proteins called
in the quantity of the RNAs produced that corresponds C* and C from a second reading frame of the P mRNA.
to the order of the viral genome (3*-l, N, P, M, G, L-5* ), The two proteins were detected in infected cells but not
with those genes at the 3*-end transcribed much more in virions, and it has been proposed that they may func-
frequently than those at the 5*-end. Analysis of transcrib- tion in genome RNA replication.
ing virions indicates that there is a uniform 30% decrease We have studied the possible functions of these appar-
in transcription of a downstream gene relative to its pre- ently nonstructural proteins by producing antiserum to
ceding upstream gene (Iverson and Rose, 1981) at least the C* protein of the Indiana serotype of VSV, by express-
ing the C proteins in cells, and by adding the purified C*
protein to infected cell extracts and to purified transcrib-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (212) 534-1684. ing virions. We present here the results of these experi-
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ments, which indicate that C* protein has dramatic ef- measurements of incorporation of label by trichloroacetic
acid (TCA) precipitation. RNA was extracted from thefects on the viral transcriptase.
reactions and analyzed by electrophoresis on acid –
urea–agarose gels as described (Peluso and Moyer,MATERIALS AND METHODS
1983).
Growth and purification of virus
Labeling and precipitation of infected cell extractsBoth the Indiana and the New Jersey serotypes of VSV
were grown in BHK cells and purified by sequential equi- VSV-infected cells were labeled with [35S]methionine
librium gradient centrifugation. Pelleted virions were (100 mCi/ml) from 2.5 to 4 hr after infection, and extracts
banded in 7–52% (w/w) sucrose gradients in 10 mM Tris, were prepared by scraping the cell monolayer into a
pH 7.4, 1 mM EDTA (TE) by centrifugation in an SW41 solution of 0.15 M NaCl, 0.05 M Tris, pH 7.4, 0.005 M
rotor at 24,000 rpm at 47 for 17 hr. Virus was collected EDTA, and 0.5% NP-40. Fractionation of extracts into sol-
from the gradient, pelleted, layered onto a second contin- uble protein and nucleocapsid-containing pellet fractions
uous gradient of 30% (w/w) glycerol in TE (top of the was performed by centrifugation through a layer of 30%
gradient) and 50% potassium tartrate (w/w) in TE (bottom glycerol as described (Peluso and Moyer, 1983). Alterna-
of the gradient), and finally centrifuged in an SW41 rotor tively, nucleocapsids were isolated by banding in su-
at 30,000 rpm for 16 hr at 47. The virus band was col- crose gradients as described (Moyer and Holmes, 1979).
lected, pelleted, and resuspended in TE containing 10% Samples were immunoprecipitated with either preim-
DMSO and stored at 0857. mune rabbit serum or the IgG fraction of hyperimmune
anti-C* serum in RIPA buffer as described (Peluso, 1988).Expression of C* protein in Escherichia coli and
Proteins were analyzed by electrophoresis on 16.5%antiserum production
acrylamide gels as described (Schagger and von Jagow,
The histidine-tagged C* protein was prepared using 1987).
the QIAexpress protein expression and purification sys-
tem (QIAGEN). The C* open reading frame was amplified RESULTS
by polymerase chain reaction (PCR) using primers to
Production of antiserum and detection of C* and Ccreate a BamHI restriction site immediately upstream of
proteins in cellsthe initiator AUG and a SacI site 63 bases downstream
of the termination codon. This 265-bp PCR product was We attempted to produce antiserum specific for the
double digested with BamHI and SacI and gel purified. predicted C* and C proteins of the Indiana serotype of
The vector pQE-30, which contains an optimized, regulat- VSV by several methods. We first produced a 23-amino-
able promoter/operator element consisting of the E. coli acid peptide corresponding to amino acids 13–35 of the
phage T5 promoter and two lac operator sequences, was predicted C* protein and used this as an immunogen in
also double digested and purified. The C* fragment was rabbits. However, the resulting antipeptide serum, al-
ligated into the vector to form the plasmid pQE-C*. Trans- though of high titer, was not reactive with either the C*
lation of the mRNA from this plasmid produces a protein or the C protein in virus-infected cells or those translated
containing the C* protein sequence with eight additional in rabbit reticulocyte lysates. We then produced a gluta-
amino acids at the N-terminus (six histidine residues thione S-transferase (GST) fusion protein of C* in E. coli
plus the two residues encoded by the BamHI site). (Smith and Johnson, 1988) for use as an immunogen, but
The his-C* protein was purified using either a native the resulting antiserum, although very reactive with GST,
or a denaturing purification method from E. coli strain was unreactive with the C* or C protein. Finally we pro-
JM109 following induction for 2 hr as described in the duced a histidine-tagged C* protein (Hochuli, 1990), and
QIAexpressionist manual. The purified protein was this proved to be an effective immunogen in rabbits. (Of
stored in 10 mM Tris, pH 7.5, 10 mM NaCl, 1 mM DTT, note, the C* protein proved to be unstable in bacteria so
50% glycerol at 0857. that induction of its synthesis could only be carried out
for 2 hr.) The resulting antiserum was used to detect theTranscription reactions
predicted C* and C proteins in cells infected with the
Indiana serotype of VSV. The results of an immunoprecip-Purified virions (15 mg per reaction) were incubated
with a solution consisting of 50 mM HEPES, pH 8.0, 100 itation analysis of radiolabeled infected cell extracts are
shown in Fig. 1. Infected cell extracts were fractionatedmM NaCl, 5 mM MgCl2 , 4 mM DTT, 1 mM each ATP,
CTP, and GTP, 0.1 mM UTP, 0.1% Triton N-101, 80 units by high-speed centrifugation through a 30% glycerol
cushion into a soluble protein fraction (above the glyc-of RNasin plus 20 mCi per reaction of [a-32P]UTP (New
England Nuclear) in a final volume of 0.1 ml for 90 min erol) and a nucleocapsid-containing pellet fraction. Both
of the predicted C* and C proteins were detected in totalat 307. At the indicated times samples were removed for
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C*/C) or the viral replicase (L, P, and N plus or minus
C*/C) from extracts of these cells. To do this, we intro-
duced two stop codons into the C* and C reading frames
of the cloned P gene, such that the resulting plasmid
would code for P only and no C proteins. We also cloned
the C* and C ORFs individually into expression plasmids.
As templates for these reactions, we used nucleocapsids
isolated from purified wild-type VSV (for measuring tran-
scription) or from its defective-interfering (DI) particle
MS-T (for measuring genome RNA replication) after twice
banding these nucleocapsid templates in CsCl gradients.
This banding procedure results in nucleocapsids devoid
of any detectable viral polymerase activities (Emerson
and Wagner, 1972). We found that we could reconstitute
a functional viral transcriptase and a functional viral repli-
case using these methods, and that the presence or
absence of the C* and/or C proteins had no detectable
FIG. 1. Immunoprecipitation analysis of VSV-infected cell extracts effect on either process (R.W.P., unpublished data). We
with normal rabbit serum (NRS) and anti-C* serum. VSV-infected cells
also tested the effect of adding either purified histidine-were labeled with [35S]methionine, and extracts were prepared and
tagged C* protein or antibodies specific for the C proteinsprecipitated either before (total extract) or after fractionation into solu-
ble protein and nucleocapsid-containing fractions as described under to infected cell extracts that are capable of transcribing
Materials and Methods. The precipitated proteins were analyzed on and replicating the viral genome (Peluso and Moyer,
16.5% polyacrylamide gels and by autoradiography. Approximately 1983) and observed no effect on either process (J.C.R.
three times as much starting material was used in the precipitations
and R.W.P., unpublished).using nucleocapsids (lanes 5 and 6) relative to the amount used in the
We therefore tested the effect of the purified, histidine-soluble protein reactions (lanes 3 and 4). The positions of the C* and
C proteins are indicated on the right and were identified by their specific tagged recombinant C* protein on transcription by purified
precipitation and their apparent molecular weights relative to unlabeled virions. Standard in vitro transcription reactions were per-
markers in a parallel lane of the gel. formed using highly purified detergent-permeabilized viri-
ons and various quantities of C* protein. The results are
shown in Fig. 2. Figure 2A shows a dose–response curvecell extracts (lane 2), in the soluble protein fraction (lane
at 30, 60, and 90 min of incubation. At each time point C*4), as well as in the nucleocapsid fraction (lane 6). We
protein has a stimulatory effect on total RNA synthesis, asconfirmed the presence of a portion of the C* and C
measured by incorporation of [32P]UMP into TCA-insolubleproteins on intracellular nucleocapsids by an immuno-
material. The maximal stimulation appears to occur at ap-precipitation analysis of nucleocapsids that were banded
proximately 2 to 3 mg of protein per reaction, and in thisin sucrose gradients. In both cases a portion (approxi-
experiment the stimulation was ninefold over the level with-mately 10 to 30%) of the total C* and C proteins was
out added C* protein. Figure 2B shows the kinetics of stimu-present in cells coisolated with nucleocapsids. We have
lation of the viral transcriptase complex by C* protein (2been unable to detect either of the C proteins in virions
mg). RNA synthesis is approximately linear over the courseby immunoprecipitations, Western blotting, or a combina-
of the experiment in each reaction, but the slopes of thetion of both methods, in agreement with the data on the
lines differ dramatically; the rate of RNA synthesis is in-New Jersey serotype C proteins (Spiropoulou and Nichol,
creased by the C* protein. Figure 2C shows an autoradio-1993).
gram of the RNA synthesized under each of the reaction
conditions in this experiment. In the absence of C* proteinPurified C* protein stimulates both the level and the
(lane 1) the viral polymerase synthesizes mostly the N mes-fidelity of mRNA synthesis by purified virions
senger RNA (the first gene on the genome), with only traces
of the downstream P and M mRNAs detectable. The synthe-We are interested in the function of these apparently
nonstructural proteins in the life cycle of the virus. It has sis of the L mRNA was undetectable in this reaction, even
after prolonged exposure of this gel. However, and in strik-been suggested (Spiropoulou and Nichol, 1993) that they
may play a role in genome RNA replication. We searched ing contrast to lane 1, the addition of C* protein, even as
low as 0.1 mg (lane 2), led to the stimulation of not onlyfor a role for the C proteins in reconstructed polymerase
reactions by expressing in BHK cells individual viral pro- total RNA (Figs. 2A and 2B), but more significantly to tran-
scription of the entire genome, including the L mRNA. Toteins from plasmids encoding them using the vaccinia –
T7 system (Pattniak and Wertz, 1990), followed by recon- more clearly illustrate this the L mRNA bands on this gel
were quantitated by phosphorimager analysis, and the re-stituting the viral transcriptase (L and P plus or minus
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FIG. 2. The effect of purified C* protein on in vitro transcription by purified virions. Purified virions of the Indiana serotype of VSV were incubated
under transcription conditions as described under Materials and Methods, either without or with the addition of recombinant C* protein. Samples
were removed for measuring RNA synthesis at 30, 60, and 90 min of incubation, and RNA was extracted from the reactions after 90 min and
analyzed by agarose gel electrophoresis. (A) The dose–response curve of RNA synthesis as a function of added C* protein, (B) a plot of the kinetics
of RNA synthesis as a function of time of incubation comparing the reaction with no added C* protein to that containing 2 mg of C* protein, (C) an
autoradiogram of the RNA synthesized in the reactions, and (D) the quantitation of the L mRNA band from the gel in C. The positions of the five
viral mRNAs are marked on the right of (C).
sults are shown in Fig. 2D. The L mRNA is undetectable C* protein of the Indiana serotype of VSV fails to
stimulate transcription by the New Jerseywithout added C* protein, yet is readily detectable in all
reactions that contained this protein. The increase in total serotype of VSV
RNA synthesis shown in Figs. 2A and 2B is therefore re-
To examine the specificity of the stimulation of the viralflected in an increase in the fidelity of the transcription
RNA polymerase by C* protein we performed transcrip-process. Very long exposure of this gel failed to reveal
tion reactions with highly purified virions of both the Indi-the presence of any genome length RNA in any of these
ana and the New Jersey serotypes of VSV and tested thereactions.
effect of C* protein encoded by the Indiana serotype inComparison of the total incorporation (Fig. 2A) and the
these reactions. As shown in Fig. 3, the addition of C*mRNAs synthesized in the reactions (Figs. 2C and 2D)
protein of the Indiana serotype of VSV stimulated thereveals a difference in the response to added C* protein,
transcriptase of the homologous (Indiana) but not thewith peaks occurring at 2 to 3 mg per reaction vs 0.5– 1
heterologous (New Jersey) serotype of virus. The samemg per reaction, respectively. This discrepancy may be
amount of either serotype of VSV was used in each reac-a reflection of an increased rate of synthesis of the leader
tion (15 mg), and the data represent the maximal stimula-RNA and/or short promoter-proximal RNAs in response
tion of transcription of virions of the New Jersey serotypeto the added C* protein that would be TCA precipitable
but not resolved on this gel. by several different amounts of C* protein that we tested.
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FIG. 2—Continued
This result is consistent with the fact that the C proteins protein is stimulating the viral transcriptase by a mecha-
nism more complex than its being basic in nature.of the two viruses are unrelated by amino acid sequence,
even though they are small and highly basic (Spiropoulou
DISCUSSIONand Nichol, 1993), and indicates that the effect on poly-
merase activity appears to be specific. The data presented in this paper establish that two
apparently nonstructural proteins, C* and C, are encoded
The effect of spermidine on VSV transcription
by the P gene of the Indiana serotype of VSV, and that
these proteins are found to be both soluble and boundWe considered the possibility that the effect of C* pro-
tein on viral transcription could be due to the basic nature to intracellular nucleocapsids. Further, the addition of
purified C* protein to transcribing virions results in aof the protein, so we tested the effect of the polyamine
spermidine on this process. As Fig. 4 shows, there is a stimulation of both the amount of RNA made and the
fidelity of transcription.small effect on the viral polymerase by spermidine at 1 –
5 mM, but it is lower than the effect of C* protein, which The original description of the C proteins of VSV–New
Jersey by Spiropoulou and Nichol (1993) included a sug-was present at a concentration of approximately 2 mM
in this experiment (2 mg/0.1 ml). gestion that these proteins may function during the pro-
cess of viral genomic RNA replication. We have per-We then tested to see if the stimulation of VSV tran-
scription by C* protein was affected by the addition of formed an exhaustive analysis of the effect of the pres-
ence of the C proteins on reconstituted DI genome RNAspermidine. As Fig. 5 shows, there is a minimal effect
on the viral transcriptase by the combined presence of replication in vitro and were unable to detect any impact
on this process of these proteins (R.W.P., unpublishedboth spermidine (1 mM) and C* protein (2 mM, column
4) relative to C* protein alone (2 mM, column 3). This data). We also, as outlined above, were unable to docu-
ment any consequence of the addition of either anti-result lends further support to the hypothesis that C*
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possible that C proteins function early in the infection
process; our experiments used extracts of infected cells
produced at 4 hr after infection, which may be past the
time of C protein action.
Therefore, we continued to search for a function of the
C proteins, and the data in this paper show a serotype-
specific stimulation of the viral transcriptase by purified
C* protein. There are several possible explanations for
the stimulation of RNA synthesis that we observed by C*
protein. First, the effect may be a nonspecific one, due
to the fact that the protein is very basic. However, the
results we obtained argue against this possibility, since
the polyamine spermidine had only a slight effect on
the viral polymerase, and had no effect when added to
reactions that contained C* protein. In addition we ob-
served little effect of the Indiana C* protein on transcrip-
tion by virions of the New Jersey serotype. The C proteins
FIG. 3. Recombinant C* protein of the Indiana serotype does not
stimulate the transcriptase activity of New Jersey serotype virus. Tran-
scription reactions were performed using purified virions of either the
Indiana or the New Jersey serotype of VSV, with or without the addition
of C* protein (0.5 mg per reaction). Transcription was assayed after 90
min of incubation.
C* antibodies or purified C* protein on transcription or
replication in cell-free extracts of VSV-infected cells. Sim-
ilarly, we observed no effect of the C proteins on reconsti-
tuted transcriptase produced from proteins expressed
from plasmids in BHK cells. None of these results, how-
ever, rule out the possibility of a role for these proteins
in the life cycle of the virus. It is possible that the expres-
sion of viral proteins using the vaccinia–T7 system and
then reconstituting transcriptase and replicase activities
with nucleocapsid templates from purified virions or DI
particles does not completely or accurately reflect pro-
cesses that occur inside an infected cell. It is also possi-
ble that the anti-C* antibodies that were added to in vitro
extracts of infected cells (in the absence of detergent)
FIG. 4. Spermidine has a minimal effect on transcription by purifiedwere unable to recognize C* protein that was bound to
virions. In vitro transcription reactions were performed with VSV of the
nucleocapsid templates, perhaps because the small C Indiana serotype alone (column 1), with the addition of various amounts
proteins were masked by their interaction with other nu- of spermidine (columns 2–9), or with C* protein (2 mM, column 10).
After 90 min of incubation RNA synthesis was measured.cleocapsid-bound proteins such as P or L. Further, it is
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relieving M protein’s inhibition of polymerase function
(Carroll and Wagner, 1979; De et al., 1982; Pinney and
Emerson, 1982). This could come about by displacement
of the M protein from the template due to the basic nature
of the C proteins (pI 11.9) or through a more complex
mechanism that remains to be discovered. It has been
proposed that M protein’s interaction with the nucleocap-
sid is electrostatic in nature (Wilson and Lenard, 1981;
Pal and Wagner, 1987); the C proteins are even more
basic and could therefore displace M protein. In this
model primary transcription would occur at a low level
until the P mRNA is made and translated into the P and
C proteins. These newly synthesized C proteins would
then interact with the transcribing nucleocapsids to stim-
ulate the viral transcriptase and thereby allow for the
rapid growth of the virus in the cell. Experiments are
underway in our lab to distinguish among these possibili-
ties.
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